Morphotectonic and neotectonic control on river pattern in the Sierra de la Cantera piedmont, Central Precordillera, province of San Juan, Argentina by Perucca, Laura Patricia A. et al.
  	

Morphotectonic and neotectonic control on river pattern in the Sierra de la
Cantera piedmont, central Precordillera, province of San Juan, Argentina
Laura P. Perucca, Martı´n Rothis, Horacio N. Vargas
PII: S0169-555X(13)00472-8
DOI: doi: 10.1016/j.geomorph.2013.09.014
Reference: GEOMOR 4494
To appear in: Geomorphology
Received date: 29 December 2012
Revised date: 4 September 2013
Accepted date: 21 September 2013
Please cite this article as: Perucca, Laura P., Rothis, Mart´ın, Vargas, Horacio N., Mor-
photectonic and neotectonic control on river pattern in the Sierra de la Cantera pied-
mont, central Precordillera, province of San Juan, Argentina, Geomorphology (2013), doi:
10.1016/j.geomorph.2013.09.014
This is a PDF ﬁle of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its ﬁnal form. Please note that during the production process
errors may be discovered which could aﬀect the content, and all legal disclaimers that
apply to the journal pertain.
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
Morphotectonic and neotectonic control on river pattern in the Sierra de la 
Cantera piedmont, central Precordillera, province of San Juan, Argentina 
 
 
Laura P. Perucca
1,2
 , Martín Rothis
2,3
 and Horacio N. Vargas
4 
 
1 
Departamento Geología. FCEFyN-UNSJ. Av. Ignacio de La Roza y Meglioli 
5400–San Juan.   
2 
CONICET, Gabinete de Neotectónica. INGEO-FCEFyN-UNSJ. Av. Ignacio de La 
Roza y Meglioli 5400-San Juan. E-mail: lperucca@unsj-cuim.edu.ar 
3
INPRES, Instituto Nacional de Prevención Sísmica 
4
CHISÑANCO SRL 
 
Abstract 
 
The drainage pattern on the western piedmont of the Sierra de La Cantera is 
divergent, typical of alluvial fans and showing anomalies that are directly related to 
the trace of La Cantera thrust. In previous studies, two types of anomalies were 
identified: upstream of the fault scarp, rivers have a broom-shaped pattern, while 
downstream -in the hanging block- streams become denser, more sinuous and 
incised. In this contribution, these morphotectonic aspects were analyzed in detail, 
making direct and indirect analysis to quantify the relationship between these 
anomalies and the faults affecting alluvial fans. In addition, the influence of 
neotectonic activity on smaller water course patterns in the alluvial fan areas was 
investigated in order to find indicators of on-going vertical movements, since the 
spatial arrangements of these piedmont channels are determined by slope and 
structure, where active faults cause diversions or anomalies. Topographic profiles in 
two selected channels cutting across the trace of the fault were performed using a 
differential GPS in order to establish the relationship between the sinuosity and 
slope of these rivers. The results obtained allow us to state that the most sinuous 
channels have lower slopes and are located in the hanging wall of the fault. 
Morphometric analysis of scarps stated that active tectonics have played an essential 
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role in controlling the drainage pattern in the piedmont, leading the rivers to adjust 
to these slope variations. 
Finally, based on the geomorphologic, stratigraphic, structural and seismological 
characteristics and parameters analyzed, La Cantera Thrust is considered a 
seismogenic source of significance to the nearby towns (>700,000 inhabitants) and 
also to the large-scale dams built downstream along the San Juan River. 
 
Keywords: Neotectonics, La Cantera thrust, river pattern anomalies, Precordillera, 
Argentina 
 
 
Introduction 
 
Rivers react quickly and consistently to active tectonic deformation of the Earth’s 
surface reflecting subtle changes in topography (Seeber and Gornitz, 1983; Ouchi, 
1985; Holbrook and Schumm, 1999; Jain and Sinha, 2005; Turowski et al., 2006; 
Amos and Burbank, 2007). When alluvial rivers develop under tectonic 
deformation, some pattern responses such as the morphology of the channels and 
the equilibrium profile are observed. Rivers respond and adjust to deformation, thus 
a variation of river morphology or channel behavior can be anticipated (Ouchi, 
1985; Schumm et al., 2002). So, the analysis of the drainage pattern is an important 
tool in the study of tectonic activity in thrust fault systems since they are highly 
sensitive to vertical tectonic uplifts related to folds and thrusts (Audemard, 1999). 
Some features that could be identified from these kind of studies are river diversion, 
beheaded streams, captured streams, changes in the incision depth, sinuosity and 
river gradient along stream, and other geomorphologic characteristics such as wind 
gaps, sag ponds, tectonic gutters and broom-shaped river patterns reflect changes 
induced by active tectonics.  
La Cantera thrust, located in the western piedmont of Sierra de La Cantera, extends 
along more than 40 km in the Central Precordillera. This Quaternary fault exhibits 
considerable evidence of drainage anomalies that has been studied by Millán and 
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Perucca (2011). However, no previous works have referred to these issues in other 
regions of the Central Andes of southern South America, and geomorphic indicators 
have not yet been used as tools to characterize sectors deformed by active pure dip-
slip thrust faults with low to moderate deformation rates, in fold and thrust belts 
associated with thin-skinned. Thus, the aim of this work is to quantify the 
deformation observed in the drainage pattern of La Cantera piedmont through a 
detailed study of the changes in the river gradient, sinuosity index, river incision, 
and the relation of the morphotectonics with these parameters. From this study we 
will be able to explain the high variability of small streams affected by Quaternary 
faults, the resulting anomalous drainage patterns, and their relevance as indicators of 
the nature and location of areas with observed or likely active tectonics. Also, the 
results obtained will allow a better understanding of the neotectonic evolution of 
this key part of the Andean thrust. 
 
Study area 
 
The analyzed area is located in a tectonic valley between Sierra de La Cantera and 
La Invernada in the Central Precordillera geological province (Fig. 1a,b), located at 
the center of the Province of San Juan (31º 04' - 31° 10'S and 69º 01' - 68° 58'W) in 
the department of Ullum, northwest of San Juan city, Argentina. The Sierra de La 
Invernada stands out as a mountain chain elongated from north to south, with a 
maximum height of 3,700 m asl. The Sierra de La Cantera also has north-south 
trend and a height of 3,100 m asl. Main streams, which are located in the eastern 
foothills of the Sierra de La Invernada and western piedmont of Sierra de La 
Cantera, drain from Mogote La Leona hills northward to the Pampa de Gualilán 
basin, the local base level. Pampa de Gualilán is an endorheic basin, which receives 
the contribution of the most important drainage network of the region (Fig. 1a,b).  
Among previous research in the area we draw attention to Whitney and Bastías 
(1984) who briefly described features with Quaternary tectonic activity in the 
western piedmont of the Sierra de La Cantera, north of the San Juan River. Also 
Mingorance (1998), who recognized two sections of interest along the fault: the 
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northern section that is characterized by increased Quaternary tectonic activity in 
the mountain fronts and higher shallow historical seismicity; and, the southern 
sector where Quaternary deformation is concentrated almost exclusively in the 
intermountain valley, with faults affecting the piedmont and the limited tectonic 
activity in the mountain fronts. Based on the analysis and quantification of 
paleoseismic indicators, Mingorance (1998) also identified that at least three 
individual seismotectonic events of varying magnitude and located along the La 
Cantera fault were generated by the fault in prehistoric and historic times. The last 
historic event occurring in the northern sector was the 1924 earthquake (Ms = 6.0). 
Millán and Perucca (2011), carried out the analysis of five natural trenches located 
in the northern section of the fault and briefly mentioned some drainage anomalies 
in the area. However, these authors discuss the presence of many anomalies that 
take place where rivers cross the La Cantera fault trace, like the apparent increase in 
the degree of incision and sinuosity of the network channels and the change from a 
divergent pattern (typical of alluvial fans) to a broom-shaped drainage. This broom-
shaped drainage includes a series of water courses of a basin which are grouped to 
increase their flow in order to cross an active structure that is opposed to the natural 
flow. This is an array of diverted, adapted and deflected drainages by regressive 
erosion, capture or obstruction. Audemard (1999) recognized these anomalies in the 
drainage pattern of active thrusts in Venezuela and Colombia, highlighting their 
importance as indicators of vertical motion produced by these thrusts. 
In the study area, from north to south, broom-shaped drainage anomalies, river 
diversion captures and wind gaps developed on Quaternary piedmont deposits are 
indicative of the La Cantera fault trace (Figs. 1a, 2). It is possible to recognize a 
higher density of these anomalies in the northern trace, possibly related to tectonic 
reactivation in recent times. 
The change in depth of the incision channel, gradient and meander pattern along the 
drainage streams are also indicators of vertical movement. Even the smallest 
changes in the topography affect the sinuosity of low gradient rivers (Holbrook and 
Schumm, 1999), implying on-going microtopographic changes. Under certain 
conditions, alluvial rivers tend to evolve as single meandering channels (Zámolyi et 
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al., 2010). The meandering pattern changes as vertical tectonic movements 
influence the piedmont slope. Besides, it is possible to see that rivers follow 
meandering courses and exhibit a highly sinuous and incised channel where 
drainage pattern becomes denser when they cross the hanging block of La Cantera 
thrust. This drainage density increases with the percentage of silt-clay content of 
Neogene rocks outcropping in the hanging block (Fig. 2). 
Tectonic setting 
Between 29º and 33º latitude south and with a convergence azimuth of around 78º 
(Vigny et al., 2009), the Nazca plate is being subducted at a rate of 6.3 cm/year 
beneath the South American plate to depths of up to 100 km (Ramos, 1988, 1999; 
Kay et al., 1991; Kay and Mpodozis, 2002; Kendrick et al., 2003). The flat geometry 
of the subducted slab is attributed to the oblique subduction of the Juan Fernández 
ridge beneath the South American plate (Pilger, 1981; Anderson et al., 2007; 
Alvarado et al., 2009; Martinod et al., 2010; Rosenbaum and Mo, 2011) (Fig. 1c). In 
this area, Late Miocene-Quaternary tectonics has resulted in the development of the 
Principal and Frontal Cordilleras, Precordillera and the Sierras Pampeanas in the 
eastward foreland region (Ramos, 1988, 1999; Ramos et al., 2002). Beck et al. 
(2008) and Alvarado et al. (2009) refined the location of earthquakes in the flat-slab 
near 30°-31°S and showed that the shallowest portion of the slab is associated with 
the subducting Juan Fernandez ridge.  
The Central Precordillera is formed by mountain ranges extending from latitudes 29º 
to 32ºS. It has been described by several authors (Jordan et al., 1983, 1993; 
Allmendinger et al., 1990; von Gosen, 1992; Cristallini and Ramos, 2000) as a 
characteristic thin-skinned, thrust-and-fold belt due to Neogene crustal shortening on 
west dipping, imbricated structures that root down to a 10-15 km-deep main 
décollement. In this region, most of the active structures are related to compressional 
faulting. However, earthquakes on these active reverse faults are not always 
accompanied by surface ruptures. 
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A series of geologic and tectonic factors occurs where the Nazca plate is subducted 
sub-horizontally, between 29º and 33º latitude south,which seem to be related to 
surface seismic activity, and a substantial part of the Quaternary deformations in 
Argentina are concentrated in this region (Costa et al., 2006). Here the main 
seismogenic sources can be located and defined with certitude although these 
sources show different degrees of activity. Generally, they are sub-parallel faults, 
predominantly N-S trending, which are located in the intraplate setting where the 
most important destructive earthquakes took place. The latter were related to surface 
ruptures, such as the earthquakes of 1894 (Ms = 7.5), 1944 (Ms= 7.4), and 1977 (Ms 
= 7.4), and also all of them occurred between these latitudes (Perucca et al., 2006). 
The geology of the area is characterized by fine and coarse sandstones to fine 
conglomerates of Pachaco Formation of Eocene to Late Miocene age (Milana et al., 
1993) that outcrop in the western piedmont of Sierra de La Cantera, commonly 
associated with fault zones. The sandstones have a westward-dipping homoclinal 
structure produced by reverse faulting of the west-dipping La Cantera active fault. 
Neogene rocks are covered by Quaternary alluvial deposits. On the surface, this 
fault zone primarily affects Neogene and Quaternary stratigraphic units. 
 
Data and Methods 
Fault detection can be improved by interdisciplinary methods such as satellite 
images and aerial photography analysis, field control, and trench revision. Uplifting 
zones considerably affect the river courses of a piedmont since they react as sensors, 
modifying their courses according to the meso and micro-topographic changes due 
to the differential uplift-subsidence patterns, so that under certain conditions low 
sinuosity rivers tend to evolve as a meandering system, increasing their sinuosity. In 
this study, we analyzed the changes in sinuosity in the vicinity of faults as this 
behavior is influenced by tectonic movements which are reflected in the parameters 
of fluvial channels. Many researchers have documented the influence of vertical 
movements on the channel pattern, such as Ouchi (1985), Keller and Pinter (1996), 
Holbrook and Schumm (1999) and Zámoly et al. (2010), among others. 
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In this research, a detailed fault scarp data have been acquired with a differential 
GPS by measuring high-resolution topographic profiles perpendicular to the fault 
scarps and along two incised gullies (Figs.3-5). In order to highlight the topography 
of the terrain in detailed high resolution elevation sections, the profiles were 
selected considering easy-access to the sections to improve the coverage with the 
measurement devices. A detailed photo-interpretation of the area allowed the final 
selection of two NW transects perpendicular to the fault scarps, two longitudinal 
profiles along two rivers to highlight particular morphological patterns and transects 
in random directions to increase the population of data and improve the resolution 
of the modelling. Also, classic sinuosity values and slopes were calculated for two 
streams that cross the fault. The equipment used was a GPS differential system, with 
a high performance GPS/SBASS L1 receiver, that also has EVEREST signal 
filtering technology. The measurements were performed with the following routine: 
the positioning and configuration of each device in manual mode, selecting record 
every 2-second intervals, mask angle of 10 and track times of 2 seconds. For 
collection of the field data,one of the devices was stationed at one point and the 
other was used as a rover. The processing of field data included correction of data 
using software provided by the differential GPS system. With these data, the digital 
elevation models (DEMs) were generated, using different interpolation methods 
(such as triangulation, least squares, kriging, among others). The DEM selected was 
created with the triangulation method because it was the best one that represents the 
real topography. The data from the high resolution elevation profiles perpendicular 
to the fault scarp (section A-A' and B-B' figure 5) and those from the longitudinal 
profiles were also applied to create high-resolution topographic profiles and to 
determine the slope changes in each transect. Additional inspection for the presence 
of scarps was completed through the study of a 100 m grid-spaced digital elevation 
model (DEM) accented by hill-shaded relief. 
The two profiles were carried out along two temporary channels transverse to the 
fault zone. Each profile (north and south) was sub-divided into a number of sections 
according to the presence of Quaternary fault evidence present in each section of its 
slope and channel sinuosity index (Figs. 3, 4). The sinuosity of streams from the 
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Sierra de La Cantera in the vicinity of faults were also analyzed together with other 
morphostructural elements recognized in the piedmont were analyzed.  
The southern river was analyzed only in a section, since downstream of the fault 
zone human activity has modified and masked the stream. A quantitative measure of 
the variation of the meandering pattern is the sinuosity index. The sinuosity index 
(S) of a stream is obtained from the relationship between the length of the channel 
(C) and the valley length (V) (Keller and Pinter, 1996) (1). 
 
/S C V                 (1) 
 
The S values were calculated using the digitalized planforms of the stream water 
courses using a GIS. Several window sizes were used, depending on the segments 
formed by the parallel thrusts. 
On each of the segments slope values were also estimated, and the shape of the path 
of the channel in a plan view according slope changes was also observed. For each 
one, the spatial relationship between the slope and the sinuosity of the channels was 
observed, allowing the determination of drainage parameters. 
To the North Channel, the profile obtained is 1.5 km in length and an elevation of 
70 m, trending NNW. In the satellite image and plan view (Fig. 3a) the location of 
the counter-slope escarpments and their relationship with the drainage can be 
observed. Moreover, the South channel profile (Fig. 4a) is 1.0 km in length and 65 
m in elevation. In both channels the increase observed in the degree of sinuosity and 
incision is coincident with the main trace of the La Cantera thrust (Figs. 3c,d;4c,d). 
Results achieved in the analyzed channels indicate the close relationship between 
the sinuosity of a channel with its longitudinal profile slope, consistent with those 
obtained by Silva et al. (1988) and Jain and Sinha (2005), among others (Figs. 3a,b; 
4a,b). Thus, in most of the surveyed channels, the sinuosity becomes larger when 
the river profile slope is smaller, and vice versa, unlike the results obtained in 
experiments (Ouchi, 1985). 
The two detailed topographic profiles (A-A’ and B-B’) trending E-W, were 
performed perpendicular to the main east-facing fault and several parallel scarps. In 
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determining the placement of the two transects across the escarpments, the 
following considerations were taken, such as to define an equidistance between 
profiles that ensures including the largest area of the selected section, and avoiding 
the presence of any modification of the relief that is non-tectonic in nature, like 
those produced by natural erosion of channels parallel to the base of the 
escarpments, gullies, rills, etc 
The equidistance between surveyed points in each transect was 50 cm and between 
transects of about 200 m. This analysis allowed the authors to define five sub-
parallel scarps that were referred, from east to west, as scarp 1, 2, 3, 4 and 5 (Fig. 
5c), that is so because thrusting characteristically distributes slip on multiple 
imbricate faults (Mc Calpin, 2009). Furthermore, the geomorphological features 
analyzed in this work together with the trenches analyzed and dated by Millán and 
Perucca (2011) indicate Holocene tectonic activity to escarpment 1, affecting along 
its trace mid-Holocene soil horizons and Holocene alluvial terraces. 
In addition, a DEM of the area between the two river profiles, which shows the 
shape of the ground with clear evidence of Quaternary tectonic activity, was 
prepared (Fig. 5a,b), since high-resolution digital elevation models (DEMs) have 
recently been used as an important tool for highlighting fault scarps (Delvaux et al., 
2007; Songmuang et al., 2007; Frankel et al., 2010). 
Maximum magnitude earthquake was estimated by using the empirical relationships 
developed by Wells and Coppersmith (1994) for rupture length. The average slip 
rate and recurrence were estimated with the offset of a middle Holocene soil and 
one historical earthquake with its epicenter in the north of the area. 
Results and discussion 
La Cantera thrust is a 47 km long, N-S trending structure that runs on the western 
piedmont of the Sierra de La Cantera. The fault affects Quaternary alluvial deposits 
that overlie unconformably the Neogene strata and form continuous and well-
preserved counter-slope east-facing scarps (Fig. 6a). Along the whole segment of 
the mapped La Cantera thrust, the fault consists of one well-defined trace, marked 
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by features described below, and several traces that are parallel or sub-parallel to the 
main trace. 
The east-vergent faults trend 200º and dip 10º to 30º W, with simple and compound 
counter-slope scarps (Figs. 6a,b,c). The height of scarps in the northern section 
varies between 0.3-6.0 m. La Cantera thrust affects all alluvial levels of the 
piedmont and modifies the existing drainage pattern. The piedmont is still active, as 
suggested by both a well-developed network of braided and sinuous streambeds 
incised ~1.0 m into it, and a well-preserved surface morphology with bars and 
swales formed by slightly varnished sub-angular cobbles. 
The main thrust surface separates Neogene rocks (Ne) from Quaternary alluvial 
deposits (Q) (Fig. 6b,c). The 
14
C dating of a soil level affected by the fault yields a 
radiocarbon age of 4,580 ± 50 years BP with an estimated 
12
C/
13
C ratio of -5‰ ± 2 
(Millán and Perucca, 2011). Pure vertical displacement is deduced from the 
morphology of the slickenside, with a pitch of 90º.  
Along the La Cantera fault area, the best exposed geomorphic evidence and most 
recurrent expressions of tectonic activity are anomalies of drainage patterns, flexural 
scarps, multiple antislope scarps (Fig. 6d), sag ponds (Fig. 7a), three stair cased 
alluvial terraces entirely located in the hanging block and progressive deformation 
with increasing time (Figs. 2, 6, 7b), and aligned springs (Fig. 7c). This geomorphic 
evidence suggests current tectonic activity of the La Cantera thrusts. 
Flexural scarps are recognized at the front of the active thrust with a warping of the 
fanglomerate deposits at the shallow tip of the blind thrust (Fig. 2). Moreover, the 
alignment of springs is another indicator of the fault trace, together with the 
presence of sag ponds on the streams because of the counter-slope scarps, implying 
that erosion by river flow is subordinate to tectonic uplift. In addition, wind gaps 
and beheaded streams were observed in the hanging block of the fault and revealed 
that no river is draining it at present (Fig. 2). 
Small rivers that drain the western piedmont of the Sierra de La Cantera often 
reflect subtle topographic modifications. River diversion is one of the most 
conspicuous features recognized along the fault trace, suggesting that the tectonic 
uplift rates are faster than the linear stream erosion rates (Fig. 2). 
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The river beds are also sensitive to variations in the longitudinal slope of the 
channel (Schumm, 1986; Schumm et al., 2002). The latter may be due to 
lithological contrasts or as a result of tectonic activity. Ouchi (1985) pointed out that 
when active tectonics prevails, channel gradients change. So, alluvial rivers respond 
to active tectonic movement in ways that depend on the nature of deformation and 
the characteristics of the river. Upstream of La Cantera thrust, channels are straight 
and wide, but when crossing the fault, they become narrow and sinuous (Figs. 2-4). 
Another characteristic feature is the change of incision depth along river courses 
(Figs. 4-7d,e). Incision rate can increase with decreasing slope. Also the drainage 
pattern becomes denser and more sinuous where streams cross the hanging block of 
the La Cantera thrust (Figs. 2, 7b). The analysis of longitudinal profiles along two 
rivers by using differential GPS, revealed the presence of vertical motion, with 
incision increasing and the change of the river pattern from straight to meandering, 
in order to try to maintain a constant gradient (Figs. 4-7b,d,e). It is possible to 
observe that, in Fig. 3c, the channel slope decreases in the first section, when 
passing through scarps 1 and 2 (Fig. 4a), and then remain constant. Fig. 4c shows an 
abrupt change in slope when the stream crosses the first fault, and then remains 
more or less constant. In the tables it is also possible to observe the increase in the 
sinuosity of channels at the same time that the longitudinal slope values decrease 
(Figs. 3d,4d). 
Most of the rivers coming from the Sierra de La Cantera gather to cross the fault, 
showing a broom-shaped pattern to overcome the vertical growth of the E-facing 
scarp, which is a characteristic feature along the entire fault trace (Fig. 2). Finally, 
the morphotectonic features observed include progressive unconformities (Fig. 7f), 
close to the flexure and three staircased alluvial terraces exclusively presented in the 
hanging wall block, the younger a fill terrace and the older, strath terraces (Fig. 7b). 
Here, the La Cantera thrust trends perpendicular to the streams and incision has 
occurred in response to recent uplift. The terraces successively increase in height 
above the actual channel; the youngest terrace is ∼1.0 m above the modern-day 
channel, the intermediate terrace is ∼2.0 m above the channel, and the oldest one is 
∼3.5 m above the channel bottom. The youngest terrace is a fill terrace whilst the 
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two older ones are strath terraces. The presence of these terraces are related to the 
uplift of the hanging wall which produced the progressive incision of the streams, 
similar to the formation of the strath terraces in the Höh Serh–Tsagaan Salaa fault 
system in the Mongolian Altai in central Asia, although in this case, terraces were 
triggered by the migration of the knickpoint formed instantaneously during ground-
rupturing earthquakes (Frankel et al., 2010). 
Similarly, near the La Cantera fault, the three abandoned terraces should correlate 
with repeated co-seismic events, although no detailed geomorphic and chronologic 
studies have been performed yet. 
Shaded relief renditions of the resulting ground DEM revealed geomorphic features 
associated with five counter-slope fault scarps (Fig. 5 a,b). Indeed, the DEM has 
resulted in the identification of four previously unrecognized linear topographic 
scarps parallel to the main fault, briefly described in previous research (Whitney and 
Bastías, 1984; Millán and Perucca, 2011), all of which relate to Quaternary surface-
rupturing earthquakes. Two topographic profiles extracted from the DEM across the 
east-facing fault scarps were analyzed (Fig. 5a,c). The height of the five scarps 
ranges from 0.20 cm (scarp 2) to 8 m (scarp 4). We interpret active imbricated 
thrusts verging to the east with a low angle, <500 m-wide, with five rounded scarps 
that trend roughly parallel. This shape may be influenced by the properties of 
displaced materials (Stewart and Hancock, 1990). Where the surface material is 
weak (poorly consolidated Quaternary sediments and Neogene 
sandstones/siltstones), internal warping resulted in the formation of a topographic 
flexure. A relatively young fault scarp can also be modified by erosion (Stewart and 
Hancock, 1990). However, further studies are required to confirm this hypothesis. 
A trenching study at the northern part of the La Cantera thrust made by Millán and 
Perucca (2011) revealed at least two events caused by paleo-earthquakes, with the 
most recent expressed as a reverse fault off-setting a poorly-developed soil (4,580 ± 
50 radiocarbon years BP) with a historical event with Ms = 6.0.  
By using various empirical relationships for the fault displacement and the surface-
length rupture like the ones derived from Wells and Coppersmith (1994), we 
estimate moderate to large paleo-earthquakes (M 6 – 7.1) for this fault, which is in 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
agreement with the tectonic context of an intraplate zone of the Precordillera region. 
Moreover, we have obtained the recurrence interval for these paleo-earthquakes of 
2.5 kyr (6 < M < 7) and a fault slip of 0.1 to 0.5 mm/yr by plotting these values 
along the Slemmons (1982) curve (moderate activity with moderate to well-
developed geomorphic evidence of activity). 
 
Conclusions 
 
La Cantera thrust, located in the intermontane valley between Sierra de La Cantera 
and Sierra de La Invernada, has provided remarkable geomorphological evidence of 
Quaternary tectonic activity. We identified at least five east-facing faults scarps in 
the northern portion of La Cantera Thrust. All of them show geomorphic evidence 
for recent activity, such as well-preserved escarpments, drainage anomalies, stair-
paired terraces, sag-ponds and aligned springs. Meso-scale structures recognized in 
the Quaternary sediments confirm that Pliocene-Pleistocene deformation has 
continued into the Holocene, highlighting the late Quaternary activity of the La 
Cantera thrust. 
Analysis of the drainage network anomalies allowed definition of the trace of the La 
Cantera thrust. A divergent pattern was defined for the study area, typical of alluvial 
fans but, due to the strong influence of the hanging block of the fault when the 
rivers cross, it undergoes some changes in the drainage pattern. We also determined 
that in the hanging block, streams are incised and denser. In addition, all alluvial 
levels are affected by the trace of the faults. 
Comparison of the distribution of the sinuosity along channels in the sector 
analyzed, under certain lithological and geomorphological features, reveals that 
changes in the values of sinuosity reflect neotectonic activity. 
The study of the longitudinal profiles of these channels that cross the piedmont 
show a significant departure of the profile of these streams with respect to the 
theoretical equilibrium profile, all of which are affected by inflections, the positions 
of which are determined by the trace of the fault perpendicular to them. 
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Sinuosity variations along confined streams in the Neogene section are related to a 
differential uplift of thrusts which are closely related to slope changes in the 
longitudinal slope profile of each channel, where low slopes are related to high 
sinuosity meandering channels. Thus, reverse faults verging in the up-drainage 
direction causes increasing meandering. 
Therefore, active tectonics have also played an important role in controlling the 
drainage pattern in the western piedmont of the Sierra de La Cantera, causing the 
tributaries to adjust to even the most subtle slope changes of the piedmont. 
Comparison of the sinuosity distribution along the tributaries with 
geomorphological and structural features reveals these changes. 
Usage of DEMs and the study of drainage patterns is a useful tool that evidences 
vertical uplifts but no horizontal displacements. We were able to confirm that all the 
fault segments and scarps analyzed from the fieldwork and DEM were identified as 
active faults, based on the similarity of the geomorphic and kinematic data. 
Deterministic formulas that take into account the complete length of La Cantera 
thrust resulted in earthquakes of magnitudes 6.0 to 7.1, with a recurrence time of 2.5 
ka years. For these reasons and the profuse geomorphologic evidence of active 
tectonics described and discussed in this contribution, the seismogenic potential for 
this fault, located near the town of San Juan (>700,000 inhabitants) and of three 
dams located downstream along the San Juan River, should not be underestimated. 
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Figure Captions 
 
Figure 1. a) Location Map of the La Cantera thrust and details of thenorthern end 
ofthe fault with river profiles location, b) shaded-relief image of 30m-spacing 
digital elevation model (DEM derived from SRTM data), highlighting the structural 
and geomorphological array, c) map of central-western Argentina showing upper 
plate tectonic features (Modified from Ramos et al., 2002).  
Figure 2.  The oblique Google Earth image shows the geomorphic features which 
are associated with the active trace of the La Cantera thrust. These features consist 
of fault scarps, sag-ponds, river diversion, trenches, wind gaps and broom-shaped 
drainages, among others. 
Figure 3.a) View of the North river and related fault scarps; b and c) elevation and 
slope longitudinal profiles, where it is possible to see changes in both parameters, 
according to the presence of Quaternary faults. These changes are reflected in the 
planform of the river. The numbers represent each section of the river analyzed. d) 
Table summarizing slope and sinuosity values in six sections of the North river, 
related to fault escarpments. 
Figure 4.a) View of the South river and related fault scarps; b) and c) elevation and 
slope profiles leveled across south river, as in Fig. 3.d) Table summarizing slope 
and sinuosity values in three sections of South river, related to parallel faults. 
Figure 5.a) Google Earth image of the measured area, showing the scarps and 
selected profiles. b) DEM image of the study area. Differential GPS-derived DEM 
revealed the five scarps of the La Cantera thrust system. The active thrusts trend N-
S and are imbricate, west-dipping reverse thrusts.c) Cross-topographic profiles (A-
A’ and B-B’) displaying the fault scarp heights and shapes. Rounded profiles of 
fault scarps possible are due to the unconsolidated (alluvium) to weakly 
consolidated (Neogene) materials easily erodible or by collapse and slope retreat of 
the scarps. 
Figure 6.a) Field photograph of La Cantera thrust showing well-defined simple and 
compound parallel scarps, b) Natural trench where Neogene (Pachaco Formation) 
rocks override Late Pleistocene fluvial deposits in the north trace of La Cantera 
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thrust. The fault trends N-S and dips 10º W. c) Parallel trench to the low-angle La 
Cantera thrust, d) view looking to the west. White arrows indicate the five fault 
scarps measured with the differential GPS and white circles highlight persons for 
scale. 
Figure 7.a) Associated with trenches and the counter slope scarps, there are tectonic 
depressions filled with fine sediments (sag ponds) and aligned springs (the circle 
highlights a person for scale). b) Google  Earth oblique view showing the 
adjustment of rivers (black arrows) to the fault scarp changing in some cases from 
straight to sinuous or/and increasing density of channels. Three unpaired terraces 
(pointed with white arrows) were recognized only in the northern bank of the 
streams. c) View to the north with aligned springs with vegetation contrasts. d) 
Upstream of the fault area, channels are slightly incised and wider. e) Downstream 
of the main fault, channels are narrow and notably incised. f) Fault-related 
progressive unconformities in alluvial Pleistocene deposits. 
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